A Twin Study into the Genetic and Environmental Influences on Academic
Performance in Science in 9-Year-Old Boys and Girls
Science became a compulsory subject in primary teaching in the U. K. in 1989 with the introduction of the National Curriculum. Much genetic research into academic performance has focused on other core subjects, particularly reading, and more recently mathematics (Oliver et al., 2004; Walker, Petrill, Spinath, & Plomin, 2004) . The genetic and environmental aetiology of science performance in school has not previously been investigated. Information about the development of scientific ability in school is relevant to a society that places great importance on the study and application of science and technology.
Science in primary school is a very broad subject, made up of many domains, which might in part explain the lack of genetically sensitive research into this subject. In addition, the skills that contribute to academic performance in science are not known, such as mathematical, linguistic, or general learning skills. It is timely to investigate the relative influences of nature and nurture on the development of scientific performance in the early school years and to explore whether these genetic and environmental influences differ between the sexes.
Sex Differences and Individual Differences
Comments from the former Harvard President Lawrence Summers, in January 2005, re-ignited a long-standing debate in America on the intrinsic abilities of females in science. Could there be genetic and environmental differences that differentially influence the performance of males and females in science? And are these differences present in early science development in primary school?
Previous publications in this journal have considered the existence of sex differences in science; for example differences in attitudes towards science between the sexes (Miller, Slawinski Blessing, & Schwartz, 2006) and sex-related differences in science and maths course choice (van Langen, Rekers-Mombarg, & Dekkers, 2006) . In addition, a recent review has claimed that the under-representation of women in scientific careers is not due to sex differences in aptitude for science (Spelke, 2005) and there is increasing support for the Gender Similarities Hypothesis (Hyde, 2005) . The Gender Similarities Hypotheses, based on meta-analyses of gender differences studies from childhood and adulthood, states that males and females are much more alike than is generally portrayed. In fact, effect sizes for the influence of gender on cognitive variables are close to zero.
These analyses have generally focused on mean differences between the sexes. It may be more informative, in an increasingly personalised society, to consider why individuals differ, not just how and why groups differ. Such research might eventually enable educationalists to develop more effective intervention strategies for the pupils in their classrooms. The causes behind differences in means and individual differences are not necessarily the same. For example, an average difference between males and females could be largely environmental in origin but individual differences could be largely genetic. In the case of science performance, groups of boys and girls might differ in performance because of differences in exposure to scientific concepts (mean differences).
However the reasons for differences in performance within those groups, i.e. the influences on individual performance rather than group performance may be genetic.
Much work in psychology aims to explain what makes people the same, whereas work in individual differences is more interested in what makes people different. There is a need for research that can consider the aetiology behind individual differences in science performance, and whether the aetiology of these differences is the same for males and females. The twin method has often been used as a rough screen of the aetiology behind such individual differences in performance (see for example Martin, Boomsma, & Machin, 1997; Plomin, DeFries, McClearn, & McGuffin, 2001; Rijsdijk & Sham, 2002) .
The Twin Method
One of the major methods used in quantitative genetics to estimate genetic and environmental influences is the twin method. This design allows researchers to investigate the causes or influences that affect phenotypes -i.e. their aetiology. Twinning provides naturally occurring quasi-experimental comparisons. To estimate both genetic and environmental parameters of individual differences the twin method requires both identical twins (monozygotic, MZ) and non-identical twins (dizygotic, DZ). MZ twins are 100% genetically similar, whereas DZ twins are on average only 50% similar for segregating genes. At a crude level this means that if a trait is influenced by genetics then within pair resemblance for that trait should be higher in MZ twins than in DZ twins.
There are two types of DZ twins: same-sex (DZss) and opposite-sex (DZos).
Most twin studies focus on DZss because they provide a more appropriate comparison to MZ twins who are always of the same sex. However, as discussed later, DZos make it possible to assess sex differences in twin analyses. The prevalence of each type of twins is roughly one third, so approximately 33%
of twins born will be MZ, 33% DZss and 33% DZos.
Assumptions of the Twin Method
The twin method is based on two main assumptions. The first assumption is that MZ twins and DZ twins will have equally similar environments; this is one of the benefits of studying DZ twins and not just ordinary siblings. This assumption, termed the 'equal environments assumption ' (Evans & Martin, 2000) , means that greater MZ similarity is attributed to genetic influence, but if it is the case that MZ twins experience more similar environments than DZ twins then this greater similarity may be due to environmental influences and not genetic influences. Much research has tested the equal environments assumption (Bouchard, Jr. & Propping, 1993) and although there is overwhelming evidence to suggest that MZ twins are treated more similarly (Scarr, 1968) this differential treatment does not significantly affect twin similarity for behaviours such as personality and cognitive abilities (Morris-Yates, Andrews, Howie, & Henderson, 1990) .
In fact it appears that it is the similarity of the MZ twins that results in a more similar parental response (Lytton, 1977) ; this is evidence for genetics driving environmental influences (Plomin & Bergeman, 1991) . If the environment is genetically influenced then this is not a violation of the equal environments assumption as the differences between MZ and DZ twins have not been originally caused by an environmental effect.
The second assumption of the twin method is that results from twin studies can be generalised to the rest of the population. Specifically, the twin method assumes that twins are similar to singletons. There are many ways in which twins have been found to differ from singletons (Evans et al., 2000) , for example twins on average have lower birth weights and are often born three to four weeks prematurely . Some studies have found that twins have lower IQ scores when compared to singletons (Record, McKeown, & Edwards, 1970) , with triplets showing even lower IQ scores than twins. However, those studies that have found differences between twins and singletons have been conducted on young twins, and studies on older twins confirm that these differences have all but disappeared by early to middle childhood (Evans et al., 2000) .
The twin method, based on these assumptions and the genetic relatedness of twins, allows us to estimate the relative influences of nature and nurture on a particular trait, in a particular population at a specific time.
Twin Research into Other Academic Abilities
Previous studies into other academic abilities may be relevant because they yield a surprising but consistent pattern of results. Performance in schools seems to be moderately influenced by genetics and minimally influenced by shared environments, environmental influences that make children growing up together in the same family similar (Plomin & Kovas, 2005) .
Results for teacher-reported Maths and English abilities consistently yield moderate heritabilities, and low shared environmental influences (Oliver et al., 2004; Walker et al., 2004) . Similar results have been obtained for reading tests and maths tests Kovas, Petrill, & Plomin, 2006 Maths, we cannot be sure that the same is true for science performance.
The Current Study
We investigated for the first time the genetic and environmental origins of teacher-reported science performance, based on National Curriculum standards, using a large and representative cohort of twins aged 9 years. In addition, we have considered three types of sex differences in science performance: mean differences, variance differences and individual differences. Based on the Gender Similarities Hypothesis (Hyde, 2005) , we expected to find no mean or variance differences in science performance. Using same-sex and opposite-sex twins, we investigated the extent to which genetic and environmental influences differ for boys and girls, i.e. whether the aetiology of individual differences in science performance differed between the sexes.
We predicted that the genetic and environmental origins of individual differences in science performance are similar for boys and girls. Based on previous findings concerning the aetiology of other academic skills, we expected to find that individual differences in science performance are moderately influenced by genetics and have minimal influence of shared environment.
Method

Sample
The sampling frame for the present study was the Twins' Early Development Study (TEDS), a study of twins born in England and Wales in 1994 , 1995 , and 1996 (Trouton, Spinath, & Plomin, 2002 . The TEDS sample has been shown to be reasonably 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Plomin, 2006; Trouton et al., 2002) Using the TEDS sample, 4077 families from the 1994 and 1995 cohorts who participated at 7 years consented to participate in the 9-year assessments. These 4077 families are representative of the total TEDS sample and the general population. Of these 4077 families, 3859 families (95%) agreed to participate in the teacher assessments, allowed us to contact the current teachers of the twins, and provided school details.
Teachers were contacted when the children were towards the end of their fourth year of primary school so that the teachers would be familiar with the children's performance during the school year. Teachers were sent a covering letter with the background and aims of TEDS, as well as explaining that we had obtained consent from the twins' parents to ask teachers for information about the child's performance at school. Teacher forms for both members of a twin pair were distributed at the same time. When the same teacher assessed both twins in a pair, responses for the twins were received simultaneously; when different teachers assessed members of a twin pair, responses were usually received within a few days of each other, although some pairs were assessed a few weeks apart. In this sample 63% of the twins were rated by the same teacher. There was no bias toward MZ twins being kept together in the same classroom: 63% of MZ twins versus 62% of DZ twins had the same teacher. Previous studies have shown that a teacher who has both twins in the classroom rates them as more similar than two teachers rating each child in a twin pair (Walker et al. 2004) . However, this effect is the same regardless of whether the twins are identical or non-identical, and therefore the estimate of genetic influence remains constant. This pattern of results was also evident in this processes and physical processes. Of the teacher questionnaires sent for the 9-year testing, 5836 individual forms (76%) were returned complete. For the purposes of the current study, we excluded 530 individuals from the 9-year assessment if at least one member of the twin pair had a specific medical syndrome or was an extreme outlier for perinatal problems such as extreme low birth weight. Further to this we excluded those families where we received a questionnaire for only one member of the twin pair.
The number of pairs for each measure, split by sex and zygosity, can be found in Table 3 . The mean age of the twins when questionnaires were returned from the teachers was 9.04 (range = 8.46 -10.54). We repeated the analyses using different exclusion criteria and our findings remained unchanged; we therefore do not report these results separately.
Zygosity was assessed through a parent questionnaire of physical similarity, which has been shown to be over 95% accurate when compared to DNA testing (Price et al., 2000) . For cases where zygosity was unclear from this questionnaire, DNA testing was conducted. by the teacher on these NC criteria for a particular child ultimately determines the final score that is submitted to the QCA for that child at the end of the key stage.
For the purposes of the present study, teachers were asked to check one of five boxes to indicate the child's NC Teacher Assessment score. Reminders of the NC criteria used to select the appropriate attainment level were provided as part of the questionnaire. Further details about these measures have been published previously (Walker et al., 2004) . Similar to other measures used in the behavioural sciences, this is an ordinal rather than interval scale but it is better than most ordinal Likert scales in that it attempts to specify behavioural criteria at each level rather than merely indicating performance relative to an unspecified average performance. Teachers are familiar with the use of these criteria because they follow the NC for England and Wales; in addition we provide a reminder of the level descriptions with the questionnaire.
It should be emphasized that the present study is limited to the NC Teacher Assessments, which are the teachers' perceptions of science performance. In addition the teacher report is an ordinal rather than interval scale. Although it would have been desirable to include objective tests as well as these year-long teacher assessments, within the NC, there is no formal testing of science until year 6 (age 11 years) and we were unable to include a direct test for this large sample. There is evidence for the validity of teacher assessments. In a meta-analysis of 16 international studies comparing teacher assessments and standardized test results, a median correlation of 0.66 was found despite great variations in the methods used for teacher assessments (Hoge & Coladarci, 1989) ; (see Oliver et al., 2004; Walker et al., 2004 for further support of the use of teacher assessments). Moreover, similar NC Teacher Assessments of Reading in our study correlate highly (0.68) with a telephone-administered test of word and non-word reading The use of teacher assessments of science performance as indicated by the NC Teacher Assessments (hereafter referred to as Teacher Assessments (TA)) is a strength as well as a limitation of our study, since there is some evidence to support the hypothesis that teacher assessments add to achievement tests in predicting long-term outcomes. For example, after controlling for socio-economic status, preschool teachers' overestimates and underestimates of intelligence relative to IQ scores at 4 years significantly predicted high school grades and Scholastic Aptitude Test results 14 years later (Alvidrez & Weinstein, 1999) . A similar study of teacher assessments of underachieving students predicts long-term educational attainment and career outcomes (McCall, Evahn, & Kratzer, 1992) .
The three TA measures (Scientific Enquiry, Life Processes and Physical Processes) were standardized to a mean of zero and a standard deviation of 1 on the basis of the entire sample of twins (with children with major perinatal and medical problems excluded as described earlier), and provided the basis for our analysis. The three scales and composite scores were normally distributed and the maximum and minimum scores did not exceed 3.5 standard deviations above or below the mean. The three scales are highly correlated, with an average intercorrelation of 0.83. A factor analysis of the three scales indicated that the principal component accounted for 88% of the variance. We therefore computed a composite science score by calculating a mean from the standardized scores and re-standardizing this composite score. Preliminary results will include all three measures and the composite measure, but due to the high intercorrelations between the science subscales, advanced analyses were only conducted for the composite measure, as the subscales appear to be assessing the same domain. Bouchard, Jr., 1984) .
The Twin Method
An individual's phenotype is made up of genetic and environmental influences , which is the sum of additive genetic effects (i.e. those genetic effects that sum up to influence a phenotype), nonadditive genetic effects (i.e. those genetic effects that interact to influence a phenotype) and environmental effects.
Generally the twin method focuses on additive genetic effects. Nonadditive genetic effects can also be modelled; nonadditive genetic effects would be indicated if the MZ twin intra-class correlation is more than twice the DZ twin intra-class correlation. By comparing the twin intra-class correlations it is possible to estimate additive genetic effects, shared environmental effects (i.e. environmental effects that make children in the same family more similar) and non-shared environmental effects (i.e. environmental effects that make children growing up in the same family different). These three effects are commonly known as A, C and E respectively. 'A' is a genetic effect size known as heritability, and can be estimated by doubling the difference between MZ and DZ twin correlations, so for example if the correlations are .80 and .50 respectively then heritability, or A, is estimated as 60% (0.6). The shared environmental influence is the variance that makes MZ and DZ twins similar, but is not explained by additive genetic ). The non-shared environment component (E) also includes measurement error.
A more elegant way of estimating the ACE parameters is maximum likelihood model fitting analysis , which provides more detailed estimates of genetic and environmental effect sizes that make assumptions explicit, tests the fit of the entire model to the data, tests the relative fit of alternative models, and provides - 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Analyses
ANOVA was used to analyze sex differences in means and variances. Most of the analyses focus on the more novel aetiological analysis of individual differences and sex differences in these aetiologies using the classical twin method. As described, the proportion of the variance for a particular trait that is attributable to additive genetic influences, and shared and non-shared environmental influences can be estimated from twin analyses.
To investigate sex differences, twin intra-class correlations were calculated separately for the five zygosity groups, MZ males, MZ females, DZ males, DZ females and DZ opposite-sex twins. The typical Pearson correlation is an inter-class correlation in the sense that it indexes the covariance between two distinct classes of variables. In contrast, in twin studies that correlate members of a twin pair, there are no obvious classes and the goal is to describe covariance for all possible pairings of the twins. The intra-class correlation is used for this purpose which indexes the proportion of total variance that is between-pairs (Shrout & Fleiss, 1979) . The inclusion of male and female MZ and DZ twins as well as DZ opposite-sex twins permits the analysis of both 'quantitative' and 'qualitative' sex differences (Neale & Cardon, 1992; Neale et al., 1999) . Quantitative sex differences refer to sex differences in the magnitude of genetic and environmental influences, for example, comparing the magnitude of the difference between MZ male and DZ male twin intra-class correlations with the difference between MZ female and DZ female twin intra-class correlations. For genetic influences, quantitative differences would mean that genetic effects influence the trait to different extents in males and females. In contrast, qualitative sex differences refer to different genetic and environmental effects for males and females, which is implied if the intraclass correlation for opposite-sex twins is significantly less than the correlation for the same-sex DZ twins. For genetic influences, qualitative differences would mean that there are different genetic influences for the trait for males and females. If genetic and environmental influences are different for males and females, this will reduce the withinpair similarity in the opposite-sex pairs (Harlaar, Spinath, Dale, & Plomin, 2005) . In addition, it is possible to test for variance differences between males and females in the context of these models.
In this study model-fitting was explicitly used to test for the presence of sex differences in aetiology. The relative fit of models allowing different types of sex differences and no sex differences are compared to assess which model best describes the data. Mx software for structural equation modelling was used to perform standard modelfitting analyses using raw data (Neale et al., 1999) . Two fit indices are reported: Chisquare (χ 2 ), and Akaike's information criterion, (AIC; (Akaike, 1987) ). The best-fitting 
Results
The means and standard deviations (SD) for the three science scores and for the composite at 9-years are presented in Table 1 . Males have slightly greater means and variances than females on all of the science scores. The results of a 2 x 2 (sex by zygosity) ANOVA, shown in Table 2 , indicate no significant effects of sex on any of the four scores despite the large sample size which provides 90% power to detect mean differences as small as 0.1 SD (i.e., d = .1), accounting for just 0.2% of the variance (Cohen, 1988 
051, η² =0.001) but again, the effect sizes of these significant effects are very small, accounting for less than 1% of the variance. Tables 1 and 2 about 
Genetic Analysis of Individual Differences
The twin intra-class correlations for the four scores are shown in Table 3 . They are presented for the total group of MZ, DZ same-sex and DZ opposite-sex as well as for the male and female subgroups among the same-sex pairs. In every case, MZ correlations exceeded those of the DZ twins, suggesting genetic influence. For the entire sample, doubling the difference between the MZ and the DZ same-sex correlations to estimate heritability indicates that genetics substantially, and consistently, influences Science scores for Scientific Enquiry (.56), Life Processes (.60), Physical Processes (.58) and for the Composite Science score (.62). Estimates of the shared environment -subtracting the above estimates of heritability from the MZ twin correlation --were consistently modest for the three measured scales (average .14).
Across zygosity, correlations between male and female pairs were quite similar, yielding reasonably similar estimates for heritability and shared environment. For example, for the science composite score, the correlations for males and females were .76 and .77, respectively, for MZ twins and .45 and .47 for same-sex DZ twins. Estimates of heritability and shared environment are very similar for males and females (.62 and .14, respectively, for males and .60 and .17 for females). The sex-limitation model presented in the following section tested whether these quantitative sex differences between males and females are significant.
Correlations for opposite-sex DZ twins (average = .43) were similar to those for same-sex DZ twins (average = .44) on the three measured scales. These results suggest that there are no qualitative sex differences.
------------------------------Insert Table 3 about here ------------------------------
The results of model-fitting analyses are shown in Table 4 . The likelihood ratio chi-squared tests identified the scalar model as the best-fitting model. The scalar model is the most parsimonious model that does not produce a significant worsening of fit (judged by change in chi-squared). This model allows variance differences between the sexes, but not qualitative or quantitative sex differences, i.e. estimates for opposite-sex twins do not differ from estimates for same-sex twins and estimates for males and females are the same. The model-fitting estimates of heritability and shared environment for boys and girls are similar to those estimated from the twin correlations (see Table 3 ). In general, the ACE model-fitting results indicate substantial heritability and modest shared environmental influence, as suggested by the twin correlations in Table 3 . Estimates from the best-fitting scalar model are .62 and .14 respectively, with non-shared environment accounting for the remaining variance. The aim of this study was to investigate the genetic and environmental aetiology behind scientific performance in schools, using a large, representative community sample of 9-year-old twins, and to explore possible sex differences. Results support our hypotheses: Science performance, as rated by teachers, is substantially heritable (.62) and shows only modest shared environmental influence (.14). There were no significant qualitative or quantitative sex differences, suggesting that boys and girls are influenced by the same genetic/environmental effects (no qualitative differences) and the extent of that influence is similar across the sexes (no quantitative differences). Despite the large sample, there were no significant mean differences between the sexes; there were significant but slight variance differences, with males showing greater variances than females.
------------------------------Insert Table 4 about here ------------------------------Discussion
The implications of finding substantial genetic influence and only modest influence of the shared environment are more relevant to the level of educational policy than to individual teachers. These findings will not be of help to a teacher confronted with a particular child who is struggling with science. However, it may be useful at a practical level for teachers to recognise that differences among children in their science performance are not just due to differences in effort because genetic sources of differences are also important. The current study's evidence for strong genetic influence might become more practical as specific genes are identified that account for this heritability. For example, identifying genes might make it possible to predict children's patterns of genetic strengths and weaknesses and to intervene to prevent problems before they occur. 
Environmental influences
The twin method is a valuable tool not only for investigating genetic influences, but also for identifying the nature of environmental influences. Environmental influences are classified as shared influences that make the twins more similar and non-shared influences that contribute to differences between the twins. Just as important as the genetic results is the environmental finding that for science performance in schools there is so little shared-environmental influence (.14), when the twins are living in the same home and going to the same school, with 63% of the twins being taught by the same teacher. However, the nature of non-shared environmental effects means that school and home environments are not unimportant, but that the twins experience these environments differently. The finding of the importance of non-shared environment is consistent with the theory that environmental influences operate on an individual-byindividual basis and not generally on a family-by-family basis (Plomin, Asbury, & Dunn, 2001 ). Familial influence is largely genetic in origin.
In relation to science performance, such non-shared environmental influences may also arise from within-twin differences in motivation and interest in science.
Research has shown that children's enthusiasm for science progressively declines during the primary school years (Murphy & Beggs, 2003; Pell & Jarvis, 2001) . Reasons suggested for this decline in interest include a lack of practical work in science, nonspecialist teaching, and over emphasis on practice assessments for national tests (Murphy et al., 2003) . Also government initiatives in numeracy and literacy have resulted in changes to the timetabling that can result in only short afternoon sessions for science, when there may not be time to perform practical work (Murphy, Ambusaidi, & Beggs, 2006) .
Sex differences
The best-fitting model was the scalar model, which does not allow quantitative or qualitative sex differences but does allow variance differences. From the estimates of the full model and the common effects model, and also from the twin intra-class correlations, there are small differences between male and female estimates of heritability. However, these differences are not nearly significant, with both male and female estimates falling well within each other's 95% confidence intervals. Also, the results from the ANOVA show that there is no main effect of sex, and although there is a significant interaction between sex and zygosity, it explains virtually no variance at all, and is only significant because of our very large sample size. The fact that the null model is a significantly worse fit suggests that there are significant variance differences, although the differences in male and female variances are very small (s after an extended career break (see for example ASSET, 2003) . Only future research throughout development and later life will allow these issues to be investigated.
Limitations
An apparent limitation of this study is the use of teacher-report data rather than objectively measured science performance. However, such teacher reports are an important part of the National Curriculum and may actually represent a more coherent observation of the child's ability in science over the course of a year. A major emphasis in primary science is to foster scientific enquiry and reasoning; such skills may be difficult to assess in formal testing. Moreover, much of the previous work on academic abilities has focused on teacher-report data, and correlations between objective test data and teacher-reports are generally high (see for example .
Reports have suggested that primary school teachers lack confidence in their knowledge of the science curriculum (for example see Murphy et al., 2006) , which is a possible limitation of this study. However, results from our concurrent studies concerning teacher report data of other academic abilities show highly comparable findings, suggesting that any possible insecurities that teachers may have about science education do not seem to be influencing their ratings of children's performance in science as compared to other academic subjects.
As discussed earlier, although the twin method in general has its limitations, research into the assumptions of the twin method have consistently found that the assumptions are reasonable and for this reason the twin method has been used throughout the medical sciences as a rough estimate of the influence of nature and nurture (Martin et al., 1997) .
Deleted: in
Deleted: are less confident in It might also be considered a limitation that we are using the twin method as a rough guide to the relative influence of nature and nurture rather than conducting molecular genetic research to identify specific differences in DNA sequence that are responsible for heritable differences between individuals. However, it is expensive and difficult to identify even some of the many DNA differences likely to be responsible for any common disorders or complex traits (Plomin, Kennedy, & Craig, 2006) . Therefore it is reasonable to investigate aetiology within a quantitative genetic design, and then to use this information to inform the design of molecular genetic studies. For instance, given that the three components of science performance are so highly correlated, it would make sense to investigate a general science factor in molecular genetic research. Moreover, unlike molecular genetic research, which is limited to addressing genetics, the twin method provides as much information about the environment as it does about genetics. In the present study, finding so little shared environmental influence is at least as important as finding so much genetic influence.
Future directions
Now that we have verified that science performance shows similar genetic and environmental estimate patterns to other academic subjects such as reading (Harlaar, Hayiou-Thomas, & Plomin, 2005) and mathematics (Kovas et al., 2006; Oliver et al., 2004) , it would be of interest to investigate the aetiological links between science and other academic abilities and also with general cognitive ability. In contrast to the univariate model-fitting analyses of science performance in the present paper, the relationships between science performance and other academic subjects can be assessed by multivariate genetic analyses that address the covariance between traits rather than the variance of each trait considered separately (Neale et al., 1999; Neale et al., 2001 an analysis should also ideally be conducted at different ages, particularly when general science is split into biology, chemistry and physics in secondary school. Primary science may show different aetiological links in multivariate analyses from those of science in secondary schools. For example it may be that science in primary schools is more genetically and environmentally correlated to English performance than to mathematics performance, whereas later in schooling the opposite may be true. Multivariate genetic designs will allow the aetiology of these relationships to be investigated.
Further to this, it is important to monitor the genetic and environmental influences on science throughout development using both teacher-report data and objective test data.
Are the same genetic and environmental influences present at different stages of development, or do genetic effects contribute to continuity across ages and environmental effects contribute to change (Plomin, 1986) ? There is certainly a long way to go towards understanding what skills contribute to science performance in primary school, and how individual children develop their scientific skills and understanding.
Maths and English have been studied throughout the distribution of abilities, and especially at the low end of the distribution in terms of disabilities or impairments.
However no research has considered 'science disability', which opens up an entirely new area for research. In terms of genetic research, it cannot be assumed that the same genetic and environmental influences that operate throughout the normal distribution of academic performance in science are also responsible for children who have special problems in science education, or for those children at the high extreme of the distribution. We plan to capitalise on the size of the present twin sample to investigate 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Appendix: Sex-Limitation Model
In the current paper, for the composite science score, we performed model-fitting analyses, using a full sex-limitation model. The full sex-limitation model tests for three sex differences: quantitative, qualitative and variance differences between the sexes. To test for the different types of sex difference it is necessary to first test a full sex-limitation model and then three nested models, which progressively model fewer parameters. these variables are allowed to be 'free', that is allowed to vary from 0.5 and 1.0, to allow the estimation of qualitative sex differences. If there are qualitative sex differences the genetic correlation for opposite-sex twins will be less than 0.5 or the shared environment correlation will be less than 1.0. The first model to be fitted to the data is the full sex-limitation model (see figure 2 part a). This model estimates all seven parameters (a m, c m , e m , a f , c f , e f and r G O or r C O).
The fit of this model is then compared to the other models to assess which model best describes the data. This full sex-limitation model allows for quantitative (by looking at male and female estimates separately), qualitative (by allowing the r G O and r C O to vary for opposite sex twins) and variance sex differences.
The first nested model to be tested is the common effects model, which allows quantitative sex differences, but not qualitative sex differences (see figure 2 part variance differences or d) no differences between males and females. It is theoretically possible that all three types of differences occur in a particular sample, which would mean that the model of best fit would be the full sex-limitation model. However, the sample size must be extremely large in order to have sufficient power to reliably detect all of these differences simultaneously. (see Eley, 2005; Galsworthy et al., 2000; Neale et al., 1999; Neale et al., 2001; for further information about the use of sex limitation models for twin data). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w O n l y Note. Each score was adjusted for age and standardized on the basis of the whole sample (after medical exclusions). MZ = monozygotic twins; DZ = dizygotic twins. N value is number of individuals; therefore these n values differ slightly to those in table 3, which represent complete paired data for twins. Note. MZ = monozygotic; DZ = dizygotic same and opposite-sex twins; DZss = dizygotic same-sex twins; DZos = dizygotic oppositesex twins; MZM = monozygotic male twins; MZF = monozygotic female twins; DZM = dizygotic male twins; DZF = dizygotic female twins; n = number of complete twin pairs.
All correlations were significant at p < .01. Figure 1 shows the path diagram that represents both the scalar model and the null model. The scalar and null models of the sexlimitation design reduce to the basic twin model shown here. This model estimates three parameters: a, c and e for the sexes combined. In the scalar model variance differences between the sexes are allowed. In the null model the variances are equated across the sexes (this is not shown in the path diagram). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47 This model allows qualitative sex differences by allowing the genetic and shared environmental correlations (rGO and rCO) between opposite-sex twins to vary. The model also allows quantitative sex differences by allowing the ACE parameters for males and females (am, cm, em, af, cf, ef) to differ. Variances differences between the sexes are allowed (this cannot be seen in the path diagram). Figure 2 b show the common effects model, which is nested in the full sex limitation model. The common effects model constrains the genetic and shared environmental correlations between opposite-sex twins (rGO and rCO) to be 0.5 and 1.0 respectively. Thereby treating the opposite-sex twins in the same way as the same-sex DZ twins who have a genetic correlation of 0.5 and a shared environmental correlation of 1.0. This model estimates six parameters: am, cm, em, af, cf, ef, and allows variance differences between the sexes. Please see Figure 1 for the path diagram of the scalar and null models. 
